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Abstract: Disposal of long-lived fission products (LLFPs) produced in reactors has 15 

been paid a lot attention for sustainable and clean nuclear energy. Although a few 16 

transmutation means have been proposed to address this issue, there are still scientific 17 

and/or engineering challenges to achieve efficient transmutation of LLFPs. In this 18 

study, we propose a novel concept of advanced nuclear energy system (ANES) for 19 

transmuting LLFPs efficiently without isotopic separation. The ANES comprises 20 

intense photoneutron source (PNS) and subcritical reactor, which consist of lead-21 

bismuth (Pb-Bi) layer, beryllium (Be) layer, and fuel, LLFPs and shield assemblies. 22 

The PNS is produced by bombarding radioactive cesium and iodine target with a 23 

laser-Compton scattering (LCS) γ-ray beam. We investigate the effect of the ANES 24 

system layout on transmutation efficiency by Monte Carlo simulations. It is found that 25 

a proper combination of the Pb-Bi layer and the Be layer can increase the utilization 26 

efficiency of the PNS by a factor of ~10, which helps to decrease by almost the same 27 

factor the LCS γ-beam intensity required for driving the ANES. Supposing that the 28 

ANES operates over 20 years at a normal thermal power of 500 MWt, five LLFPs 29 

including 99Tc, 129I, 107Pd, 137Cs and 79Se could be transmuted by more than 30%. 30 

Their effective half-lives thus decrease drastically from ~106 to less than 102 years. It 31 

is suggested that this successful implementation of the ANES paves the avenue 32 

towards practical transmutation of LLFPs without isotopic separation. 33 
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1. Introduction 38 

Nuclear energy provides almost 10% of electricity production in the world1. Due 39 

to the low carbon release, nuclear energy plays an important role in facing the climate 40 

change. However, management of spent nuclear fuel (SNF) is becoming a major 41 

concern. After recovering U and Pu from SNF by PUREX process, most of the 42 

radioactive hazards leaving in high-level nuclear wastes are radiotoxic transuranics 43 



(TRUs) or long-lived fission products (LLFPs; 79Se, 93Zr, 99Tc, 107Pd, 129I, 135Cs, and 44 
137Cs)2-3. While the TRUs inventory can be reduced significantly by recycling and 45 

incinerating them in advanced reactors, these LLFPs will likely dominate the long-46 

term dose associated with radionuclide release from the geologic repository, owing to 47 

their high solubility in underground water and high activeness to move to the 48 

geosphere. To address this problem, transmutation of LLFPs into stable or short-lived 49 

isotopes has been suggested, which should follow the principle of “as low as 50 

reasonably achievable (ALARA)”4-5. 51 

Nuclear transmutation relies mainly on either neutron capture reactions or 52 

photonuclear reactions3,6,7. Since transmutation of LLFPs is a particle consuming 53 

process, high particle flux or intensity is, in principle, needed. There are two key 54 

issues that affect transmutation efficiency of LLFPs: (1) transmutation cross sections; 55 

(2) isotopic compositions and density for sample target. Among these LLFPs, 79Se, 56 
93Zr, and 137Cs can hardly be transmuted in a fast or a thermal neutron field since 57 

these radionuclides have small neutron capture cross sections8. The photonuclear 58 

transmutation becomes fascinating since it utilizes giant dipole resonance (GDR) 59 

reactions, which have slowly varied but medium GDR cross sections. After SNF 60 

partitioning, the selected seven LLFPs have mixed isotopic compositions9,10. 61 

Consequently, particle consumption on LLFPs transmutation would be much higher 62 

than the case when isotopic separation is adopted since other isotopes also capture or 63 

absorb particles. Among the LLFPs that need to be transmuted, 79Se, 93Zr, 107Pd, 135Cs, 64 

and 137Cs are not suitable for nuclear transmutation due to their relatively small 65 

isotopic abundances. To perform an efficient transmutation for interested LLFPs, 66 

isotopic separation is then required. However, no isotope-separation system for high-67 

level nuclear wastes is so far technologically and economically feasible on an 68 

industrial scale11. 69 

LLFPs transmutations in pressurized water reactors, fast spectrum reactors and 70 

accelerator-driven subcritical systems (ADS) have been studied to address the above-71 

mentioned issues. The feasibility of these reactors or systems depends on sufficient 72 

neutron excess per fission12-15. Even with isotopic separation, such transmutation on 73 

LLFPs needs at least 0.3 neutrons per fission. The ADS, in which high-flux neutrons 74 

are produced by spallation reactions with high-current proton accelerator, is designed 75 

particularly to produce energy and to transmute high-level nuclear wastes. The ADS 76 

availability has been evaluated16-18 and a preliminary ADS facility for studying 77 

nuclear transmutation is now being constructed in China19,20. 78 

With the inspiration of ADS implementation, we introduce a novel concept on 79 

advanced nuclear energy system (ANES) that is driven by a photoneutron source 80 

(PNS) (see Fig. 1). The PNS is produced by bombarding a radioactive cesium and 81 

iodine (CsI) target with a laser-Compton scattering (LCS) γ-ray beam. As the LCS γ-82 

ray beam has sufficient high intensity, such bombardment produces an intense PNS 83 

and meanwhile realizes photo-transmutation on radioactive cesium and iodine. The 84 

ANES is composed of the PNS and the reactor core which consists of lead-bismuth 85 

(Pb-Bi) layer, beryllium (Be) layer, and fuel, LLFPs and shield assemblies. In the 86 

ANES, both the transmutation and the energy production are accomplished. The 87 

fission energy production in the reactor core can be used to balance the energy 88 

consumption of PNS during transmutation, which means that the nuclear 89 

transmutation can be achieved without the need of external power supply. Moreover, 90 

one can expect to balance the initial cost for installing and operating the system, since 91 

this system could produce electricity and meanwhile lead to a large amount of heat 92 



generation during bombardment, making hydrogen fabrication possible11. 93 

 94 

Fig. 1. The concept of the ANES: (a) the generation of PNS and (b) the front view and side 95 

view of the ANES layout. 96 

 97 

In this study, we present the conceptual design of the ANES for LLFPs 98 

transmutation without the requirement to isotopic separation. In our design, seven 99 

LLFPs are loaded in the reactor core for neutron transmutation and radioactive CsI 100 

target are handled with photo-transmutation while generating PNS. The 101 

implementation of the ANES is first introduced. Then the LCS energy spectrum and 102 

the ANES layout are optimized for improving the transmutation capability. In 103 

addition, the LCS beam intensity required for drive the ANES is evaluated. The 104 

results show that the proposed ANES concept may be a solution for transmuting 105 

LLFPs, albeit the existing LCS beam intensity is still a few orders of magnitudes 106 

lower than the requirement to drive the ANES at thermal power of 100s MWt. 107 

 108 

Results and Discussions 109 

ANES layout. The layout of the ANES is shown in Fig. 1. As an LCS γ-ray beam of 110 

high intensity irradiating the transmutation target (e.g., CsI target), a substantial 111 

population of neutrons are produced through photoneutron reactions, generating an 112 

intense PNS. Such PNS drives the ANES core, which is a subcritical one maintaining 113 

its intrinsic safety. The CsI target locates in the center of the ANES core. Considering 114 

a long-time irradiation, the cooling of the CsI target is achieved by circulation of 115 

liquid Pb-Bi alloy, which can endure higher energy density and longer operation 116 

cycle. A Be layer surrounding the Pb-Bi layer is adopted as neutron moderator. The 117 

combination of a 3 cm Pb-Bi layer and a 21 cm Be layer enhances the external 118 

neutron worth through neutron multiplication and moderation, as discussed later. The 119 

LLFPs without isotopic separation are loaded and transmuted with the excess 120 

neutrons leaked from the fuel assemblies. The 𝑘eff , is designed to be ~0.98. The 121 



isotopic compositions of the LLFPs depend on the type of fuel, the neutron spectrum, 122 

and the irradiation history. The LLFPs used in this study are obtained from the burnup 123 

simulation of uranium dioxide fuel (see Methods). 124 

The thermal power of ANES is designed to be 500 MWt. The ANES core, with a 125 

height of 110 cm and a diameter of 105 cm, contains 162 fuel assemblies, 78 LLFPs 126 

assemblies, and 60 shield assemblies. Each fuel assembly consists of 61 pins 127 

composed of uranium dioxide pellets covered by stainless steel cladding. Due to the 128 

intrinsic safety of the subcritical core, the ANES does not need control rods that are 129 

mandatorily used in a typical critical reactor. The LLFPs assemblies are arranged with 130 

two rows in the core, and the number of assemblies in inner and outer rows is 36 and 131 

42, respectively. Like the fuel assembly, each LLFPs assembly incorporates 61 pins 132 

(43 LLFPs pins and 18 YD2 pins). The CsI target has a height of 25 cm and a radius of 133 

3 cm. The shield assembly is made of stainless steel containing 6.48% natural B4C. In 134 

the burnup simulation of the ANES core, we use the dynamic refueling to keep a 135 

constant neutron flux over 20 years of operation. The detailed design parameters for 136 

the ANES are shown in Table 1. 137 

 138 

Main parameters Data used in this study 

Type of fuel UO2 

Thermal power (MWt) 500 

Core height (mm) 1100 

Core diameter (mm) 1050 

Number of fuel assemblies 60 / 102 (inner / outer) 

Number of pins in each of fuel assembly 61 

Pin diameter (mm) 5.8 

Pellet diameter (mm) 5.2 

235U enrichment (%) 23.3 

Number of LLFPs assemblies 78 

Number of pins in each of LLFPs assembly 61 

Number of shield assemblies 60 

Table 1. Design parameters of the ANES used in the simulation. 139 

 140 

Production of PNS. For the PNS produced by an LCS γ-ray beam, the production 141 

rate 𝑃𝑛  is highly dependent on the γ-ray spectral distribution and the GDR cross 142 

section. When neglecting the nonlinear Compton scattering effect, the cut-off energy 143 

of the LCS γ-ray beam can be obtained with 𝐸𝛾𝑚𝑎𝑥 = 4𝐸𝐿𝛾2/(1 + 4𝐸𝐿𝛾/𝑚0𝑐2) , 144 

where 𝐸𝐿  is the photon energy of the incident laser, 𝛾 is the Lorentz factor of the 145 

electron beam from an advanced accelerator, and 𝑚0𝑐2 presents the electron energy at 146 

rest. To maximize 𝑃𝑛, one can optimize 𝐸𝛾𝑚𝑎𝑥 by varying the Lorentz factor for a fixed 147 𝐸𝐿. Fig. 2 shows the dependence of 𝑃𝑛 on 𝐸𝛾𝑚𝑎𝑥  for varying CsI target thicknesses, 148 𝑇CsI . The 𝑃𝑛  increases first and then decrease with 𝐸𝛾𝑚𝑎𝑥 . Due to the convolution 149 

between the LCS γ-ray spectrum and the GDR cross section, the value of 𝑃𝑛 is peaked 150 



at 𝐸𝛾𝑚𝑎𝑥 ~ 20 MeV. When 𝑇CsI is larger than 25 cm, the 𝑃𝑛 gets a saturation of 0.01, 151 

which is determined by the penetration depth of the LCS γ-ray beam. It is expected to 152 

produce γ-ray beam at an extremely high intensity of 1017 s−1 with the state-of-art of 153 

LCS facilities along with the advanced designs or concepts24. Consequently, the 154 

produced PNS could reach an intensity of 1015 s−1. 155 

 156 

Fig. 2. The 𝑃𝑛 (per γ photon) as a function of LCS γ-ray energy 𝐸𝛾𝑚𝑎𝑥. Three kinds of CsI target 157 

thicknesses are used in the simulation while keeping the radius to be 3 cm. 158 

 159 

Performance of the ANES. Fig. 3 shows the neutron spectrum and power density 160 

distributions in different assembly regions of the ANES core. In the region of LLFPs, 161 

the neutron spectrum is very similar to those in the region of fuel assemblies. The 162 

neutron flux decreases along the radial direction. In the shield region, the neutron flux 163 

is three orders of magnitudes lower than that in the inner fuel assemblies, indicating a 164 

good shielding for neutron radiation from the core. The power density varies mainly 165 

along with the neutron flux, as shown in Fig. 3(b). The power density in the inner 166 

assemblies is obviously higher than that in the outer assemblies, which is in good 167 

agreement with the trend shown in Fig. 3(a). A dip occurs in the region of LLFPs 168 

assemblies due to the absence of the fission process.  169 

 170 

Fig. 3. Neutron spectral pattern (a) and power density pattern (b) for the ANES 171 

 172 

The performance of the ANES can be evaluated by a few key quantities 173 

including 𝑘eff , 𝑘s , neutron generation time (Ʌ) and effectively delayed neutron 174 



fraction (𝛽eff)21,22. The results for these quantities are displayed in Table 2. The initial 175 

value for 𝑘eff  is 0.979. During two years of burnup, the 𝑘eff  decreases slightly to 176 

0.954. Accordingly, the sign of the system reactivity, 𝜌, is minus. According to Eq. 177 

(2), the 𝜑 value is obtained to be 1.3, which is visibly higher than that given by the 178 

spallation neutron source23. 179 

 180 

Physical quantity value 

Effective multiplication factor (𝑘eff) 0.979 

Reactivity (𝜌) −0.019 

Effective multiplication factor for prompt neutrons (𝑘p) 0.977 

Eigenvalue (𝛼) −0.003 

Effective delayed neutron fraction (𝛽eff) 0.007 

Neutron generation time (Ʌ) (μs) 0.523 

Neutron worth of PNS (𝜑) 1.319 

Sub-critical effective multiplication factor (𝑘s) 0.984 

Table 2. Key parameters of the ANES in the initial moment. 181 

 182 

According to Eq. (4), the required 𝐼𝛾 is dependent on both the 𝑃𝑡 and the 𝑘eff. A 183 

contour plot for such dependence is shown in Fig. 4. It indicates that a higher 𝑃𝑡 184 

requires a larger 𝐼𝛾, which decreases with the increasing 𝑘eff. To transmute the LLFPs 185 

efficiently, a thermal power of the order of 100 MWt is needed. Consequently, the 𝐼𝛾 186 

used to drive the ANES would exceed 1019, which is almost two orders of magnitudes 187 

higher than that of existing LCS designs9,24. Note that a few novel approaches, such as 188 

multiple laser extraction technology and photon storage cavity technology have been 189 

employed to enhance the 𝐼𝛾25-27. Then in the near future it is possible to achieve the 190 

required  𝐼𝛾 with the developement of LCS source technology. 191 

 192 

Fig. 4. Dependence of the required 𝐼𝛾 on thermal power 𝑃𝑡 and effective multiplication factor 𝑘eff 193 

considering the 𝑃𝑡 reaches the level of 100 MWt. An optimized value 𝑃𝑛 = 0.01 is used for the 194 



calculation. 195 

 196 

Transmutation of LLFPs. The variation of transmuted LLFPs over 20 years of 197 

continuous irradiation was simulated. From Fig. 5 one can see that the mass of the 198 

transmuted LLFPs increases approximately linearly with the irradiation time. During 199 

20-year irradiation, the transmutation percentages for 79Se, 99Tc, 107Pd, 129I and 137Cs 200 

are higher than 35%, whereas the reduction is less than 15% for both 93Zr and 135Cs. 201 

Similar results have been obtained in the fast neutron transmutation design28, although 202 

the transmutation of 137Cs is not considered therein. The low transmutation efficiency 203 

for 93Zr and 135Cs is mainly due to their relatively small capture cross sections. 204 

 205 

Fig. 5. Transmutation of LLFPs over 20 years irradiation. The percentage of transmuted LLFPs 206 

after 20 years are in the order of 99Tc ≈ 129I > 107Pd > 79Se ≈ 137Cs > 135Cs > 93Zr. 207 

 208 

The linear increase of transmuted LLFPs is further used to evaluate the effective 209 

half-lives 𝜏eff, the TR and SR values for these LLFPs. The results are shown in Table 210 

3, where the TR averaged over the irradiation time is considered. The 𝜏eff  of the 211 

LLFPs decrease dramatically to the order of 10 years, while the radioactivity of 212 

LLFPs without transmutations can last more than 105 years. For 99Tc, 107Pd, 129I and 213 
137Cs, the TRs can achieve 2-3% per year. Although the TRs are relatively small, they 214 

are acceptable because the SRs > 1.0 would be more important for an ANES. In our 215 

study, the SRs are larger than 1.0 for 79Se, 99Tc, 107Pd, 129I and 137Cs, indicating the 216 

depletion of the LLFPs in the currently designed ANES. For 93Zr and 135Cs, the SRs 217 

are less than 1.0 due to small capture cross sections and large fission yields. 218 

It is very interesting to investigate the transmutation on CsI target. In this region, 219 

hybrid transmutation (i.e., photo-transmutation and neutron transmutation) should be 220 

considered due to the mixed field of photons and neutrons. With the thermal power of 221 

500 MWt, the transmutation capability for CsI target is shown in Table 3. The  𝜏eff  222 

for 129I, 135Cs and 137Cs decrease to less than 0.5 years according to Eq. (5), which 223 

includes the contribution of photo-transmutation. Compared with the neutron 224 

transmutation on the LLFPs assemblies, the hybrid transmutation on CsI target can 225 

obtain two orders of magnitudes higher TR. 226 

 227 

Transmutation 
region 

LLFPs 
Effective 
half-life 

TR 
(%/year) 

Transmutation 
(g/year) 

Production 
(g/year) SR 



(year) 

LLFPs 
assembly 

79Se 25.1 1.99 5.07 × 101
 4.40 × 101 1.15 

93Zr 131.6 0.38 8.66 × 102
 3.93 × 103 0.22 

99Tc 16.1 3.11 6.92 × 103
 3.83 × 103 1.81 

107Pd 20.0 2.50 6.65 × 102
 3.77 × 102 1.76 

129I 16.6 3.01 1.39 × 103
 8.56 × 102 1.63 

135Cs 70.4 0.71  2.39 × 103
 6.04 × 103

 0.39  

137Cs  26.6 1.88  6.60 × 103
 6.17 × 103

 1.07  

CsI target 

129I 0.2 254.67 3.12 × 103
 NA NA 

135Cs 0.4 123.85 3.15 × 102
 NA NA 

137Cs 0.3 151.51 8.18 × 102
 NA NA 

Table 3. Evaluated parameters obtained from SCALE for transmutation of LLFPs at 500 MWt. 228 

 229 

Table 3 shows that the TR (averaged over the seven LLFPs) can reach 1.94% per 230 

year for the ANES. This is slightly higher than that (1.51% per year) in a fast reactor 231 

system28. Meanwhile, the ANES has the advantage to transmute radioiodine and 232 

radiocesium by the hybrid transmutation process as discussed above.  233 

 234 

Optimal of the ANES layout. The neutron multiplier and moderator can be 235 

optimized in terms of absorption and moderation to ensure that the produced thermal 236 

neutrons can be effectively absorbed by the fuel assemblies in the core, which can 237 

thus enhance the neutron worth of PNS, 𝜑. A Pb-Bi layer and a Be layer are used for 238 

neutron multiplication and moderation, respectively (see Fig. 1). The former also 239 

plays a key role in cooling the CsI target. The coolant and moderator dimensions are 240 

optimized to obtain a higher 𝑘s . Fig. 6(a) presents the dependence of 𝑘s  on the 241 

thickness of either coolant or moderator, 𝑇Be or PbBi in units of cm. The fitting results 242 

are exponentially correlated functions and can be uniformly expressed as 243 

 𝑘s =  𝑎1 + 𝑏1 ∙ exp (𝑐1𝑇Be or PbBi), (1) 
where 𝑎1, 𝑏1 and 𝑐1 are fitting parameters. In the absence of the coolant, 𝑘s is merely 244 

dependent on 𝑇Be  with 𝑎1 = −0.986, 𝑏1 = −0.112 and 𝑐1 = −0.150. As the coolant 245 

thickness is fixed to 3 cm, the value of 𝑎1 remains unchanged, whereas b1 increases 246 

slightly to −0.101 and 𝑐1 decreases to −0.162. It is shown a sub-linear trend because 247 

the stopping power of neutrons in the moderator increases with the thickness. When 248 

the moderator thickness is higher than 15 cm, the value of 𝑘s can approach 1.0. 249 



 250 

Fig. 6. The dependence of 𝑘s on the thickness 𝑇Be or PbBi (a) and the γ-ray beam intensity required 251 

for maintaining a 1.0 MWt thermal power (b). The solid circle and long dashed-dotted line 252 

correspond to the simulated data and the fitting curve, respectively, for varying Be layer thickness 253 

but with a 3-cm-thick Pb-Bi layer. The solid square and short dashed line correspond to those 254 

obtained without the Pb-Bi layer. The inverse triangle and long dashed-dotted-dotted line 255 

correspond to the simulated data and the fitting result, respectively, for varying Pb-Bilayer 256 

thickness but with the 3-cm-thick Be layer. The regular triangle and long dashed line correspond 257 

to those without Be layer. 258 

 259 

In the absence of the moderator, 𝑘s is only dependent on 𝑇PbBi and we have 𝑎1= 260 

1.076, 𝑏1= −0.200, and 𝑐1 = −0.015. When considering a 3-cm-thick moderator, the 261 

value of 𝑐1 is kept unchanged, whereas a1 increases slightly to 1.101 and 𝑏1 increases 262 

to −0.188. In this case, since the product of 𝑐1 and 𝑇PbBi is much smaller than unity, 263 

Eq. (1) can be approximated as 𝑘s =  𝑎2 + 𝑏2 ∙ 𝑇PbBi  with 𝑎2 and 𝑏2  being the 264 

functions of 𝑎1, 𝑏1 and 𝑐1. A quasi-linear trend is seen for the dependence of 𝑘s on 265 𝑇PbBi, as shown in Fig. 6(a). This trend is caused by the fact that the coolant can also 266 

result in (n, xn) reaction, which increases the neutron flux. As a result, the neutron 267 

multiplication does not attenuate with the coolant thickness. 268 

According to Eq. (4), one can further obtain the correlation between 𝐼𝛾  and 269 𝑇Be or PbBi, as shown in Fig. 6(b). Compared to the Pb-Bi layer, the Be layer has a 270 

more significant effect on both 𝑘s and 𝐼𝛾. The 𝐼𝛾 decreases rapidly with 𝑇Be and then 271 

gets saturated, whereas the 𝑘s has an opposite variation trend. When 𝑇Be is larger than 272 

21 cm, the required 𝐼𝛾  approaches 1017, which is approximately one order of 273 

magnitude lower than that before optimization (for example, in the absence of both 274 

Pb-Bi layer and Be layer). 275 

 276 



 277 

Fig. 7. The 𝑃𝑛 (per γ photon) as a function of 𝑇Be with 𝑇PbBi= 3 cm (a) and spectral patterns of 278 

neutrons escaped from the CsI target (red solid line), the Pb-Bi layer with 𝑇PbBi= 3 cm (blue solid 279 

line) and the Be layer with 𝑇Be= 21 cm (magenta solid line) (b). The 235U(n, f) cross section (black 280 

sold line) is also shown. 281 

 282 

The effects of beryllium thickness on neutron multiplication and on softening of 283 

neutron spectrum are obtained and shown in Fig. 7. When 𝑇Be increases, the number 284 

of fast neutrons declines and that of thermal neutrons rises. The 𝑃𝑛  reaches a 285 

maximum value for 𝑇Be= 13 cm and then decreases slightly due to the significant 286 

absorption of the neutrons produced therein. For 𝑇Be = 13 cm and  𝑇PbBi= 3 cm, the 287 

neutron multiplication is increased by a factor of to 0.3 compared to the case of 𝑇Be = 288 

1 cm and  𝑇PbBi= 3 cm. After that, the major of fast neutrons can be moderated 289 

substantially to the thermal and epithermal region. For 𝑇Be = 21 cm and  𝑇PbBi= 3 cm, 290 

the spectra of neutrons emitting from the CsI target, Pb-Bi coolant and Be moderator 291 

are presented in Fig. 7(b). The spectrum of photoneutrons has two peaks at around 1.0 292 

MeV, which is probably induced by the neutrons from photonuclear (γ, n) and (γ, 2n) 293 

reactions at different energy regions. The neutron spectrum softens significantly in the 294 

moderator. As shown in Fig .7(b), these softened neutrons can enhance the fission 295 

cross sections of 235U by more than two orders of magnitudes, leading to a greater 296 

neutron worth 𝜑 for the PNS. 297 

Note that the LLFPs are neutron poisons in any transmutation system. For 298 

different arrangements of fuel and LLFPs assemblies, the resulting neutron spectra 299 

and fluxes could also vary, thus affecting the transmutation efficiency. To elucidate 300 

such effect, we consider three scenarios for arranging fuel and LLFPs assemblies. 301 

Scenario A, B and C show that the LLFPs assembly locates at the outermost, the 302 

middle and the innermost position of the ANES core, respectively. The detailed 303 

arrangements are shown in Figs. 8(a)-(c). Note that scenario B corresponds to the 304 

layout shown in Fig. 1. In these scenarios, the neutron flux possesses different spatial 305 

patterns, as shown in Figs. 8(d)-(e). Among these scenarios, scenario B shows the 306 

highest neutron flux in the region of LLFPs assembly. This is mainly caused by the 307 

convective effect of neutrons from the inner and outer fuel assemblies. In the scenario 308 

C, the LLFPs in the innermost position absorb many neutrons from the outer fuel 309 

assembly. As a result, the neutron flux shows a valley in the central zone, as shown in 310 

Fig. 8(c).  311 



 312 

Fig. 8. Three scenarios for LLFPs assembly in the outermost position (a), the middle position (b) 313 

and the innermost position (c) and their neutron spatial patterns presented for the LLFPs assembly 314 

in the outermost position (d), the middle position (e) and the innermost position (f). Only the 315 

neutrons from the fuel assembly are considered in the simulations. To keep the same 𝑘eff initially, 316 

the fuel enrichments are set to 17%, 23.3% and 24.1%, respectively. 317 

 318 

For the three scenarios shown in Fig. 8, the TR and SR values are further 319 

calculated. Fig. 9 shows that scenario B results in the highest TR and SR for all 320 

LLFPs except for 137Cs. The transmutation on 137Cs is not sensitive to the scenarios 321 

due to its short half-life. The transmutation capability in scenario B is almost two 322 

times higher than in scenario A. As a result, we consider that scenario B would be the 323 

priority for LLFPs transmutation. 324 

 325 



Fig. 9. The TR (a) and SR (b) values for selected seven LLFPs. For comparison, the TR and SR 326 

values for scenario A and C are normalized by the ones for scenario B. 327 

 328 

Conclusion 329 

We have presented a conceptual design of a ANES for efficient transmutation of 330 

LLFPs without isotopic separation. The ANES is driven by an intense PNS, which is 331 

produced by the energetic LCS γ-ray beam. The dimension of moderator and coolant 332 

is optimized, which enhances the 𝑘s and then decreases the required 𝐼𝛾 by one order 333 

of magnitude. The performance of ANES and the transmutation capability are further 334 

analyzed. Especially, the 𝜏eff, TR and SR values are predicted for LLFPs. Supposing 335 

the thermal power is 500 MWt and the irradiation time is 20 years, transmutation 336 

percentages are higher than 35% and the SRs are larger than 1.0 for 79Se, 99Tc, 107Pd, 337 

129I and 137Cs. The 𝜏eff can thus be reduced from almost 106 years to the level of 100 338 

years, which dramatically decreases the cooling time of these LLFPs. Transmutation 339 

efficiency is also sensitive to the position of the LLFPs assembly. A proper 340 

arrangement for both the LLFPs assembly and the fuel assembly is found to realize an 341 

efficient transmutation. We conclude that the ANES driven by an intense PNS could 342 

be a good candidate for efficient transmutation on LLFPs without the need of isotopic 343 

separation. 344 

 345 

Methods 346 

Computational model and method. The production of LCS γ-ray beam and the 347 

following irradiation, which induces CsI transmutation and generates the PNS, were 348 

simulated with Geant4-MCLCSS and Geant4-GENBOD29-30. The transmutation cross 349 

sections required for simulation were taken from the ENDF-VII library31. The 350 

implementation of the ANES and its performance evaluation were performed with 351 

SCALE 6.132-33. In the SCALE simulations, we taken the LCS spectral distribution as 352 

input and considered physical processes, including neutron-capture and photonuclear 353 

reactions. Furthermore, all burnup calculations were performed using either the 354 

TRITON t-depl or the STARBUCS sequence33, and the 𝑘eff  has a statistical error 355 

lower than 0.1%. 356 

Selection of LLFPs. In general, the major LLFPs that need to be transmuted are 79Se, 357 
93Zr, 99Tc,107Pd, 129I, 135Cs and137Cs. These nuclides can cause long-term radioactivity 358 

during the geological disposal of SNF. The compositions of LLFPs were obtained 359 

from the burnup simulation of uranium dioxide pellets by fast breeder reactor core at 360 

50 GWd/t for 2 years. The details of these compositions are presented in Table 4. 361 

Without isotopic separation, such compositions were used as the initial compositions 362 

of the LLFPs in the pins. All LLFPs were considered in metallic forms because their 363 

melting points are generally high, and the space volume for loading can be 364 

minimized34. The LLFPs are supposed to be dispersed homogeneously in the pins, 365 

which helps to transmute the LLFPs35. 366 

 367 

Element Isotope Relative Half-life Neutrons capture (γ, n) parameters 



composition 
(%) 

T1/2 cross section at 
0.025 eV(barn) 

Eth 

(MeV) 
Γ 

(MeV) 
Emax 

(MeV) 
σmax 

(mb) 

Se 

76Se 1.4 × 10−4
 Stable 85.02 11.15 7.0 15.01 107 

77Se 0.032 Stable 41.33 7.52 5.2 17.04 141 

78Se 0.064 Stable 50.02 10.50 6.0 16.01 122 

79Se 0.096 3.27 × 105 a 11.81 6.96 5.0 17.04 150 

80Se 0.190 Stable 0.59 9.91 5.0 16.01 128 

82Se 0.410 Stable 0.04 9.28 4.0 16.00 142 

Zi 

90Zr 0.190 Stable 0.01 11.97 4.5 17.00 192 

91Zr 6.790 Stable 1.30 7.19 4.5 17.00 182 

92Zr 8.060 Stable 0.23 8.63 3.2 16.01 159 

93Zr 8.590 1.53 × 106 a 2.24 6.73 4.0 15.00 141 

94Zr 8.750 Stable 0.05 8.22 3.0 15.03 130 

95Zr 0.940 64.032 d 8.11 6.46 3.5 14.99 134 

96Zr 8.940 2.0 × 1019 a 0.02 7.85 4.5 14.98 103 

Tc 
99Tc 8.370 2.11 × 105 a 22.80 8.97 3.7 15.99 202 

Pd 

104Pd 7.6 × 10−5
 Stable 0.65 10.00 4.8 16.00 220 

105Pd 2.480 Stable 21.08 7.09 4.2 15.98 221 

106Pd 0.800 Stable 0.30 9.56 4.0 15.98 228 

107Pd 0.820 6.5 × 106 a 9.53 6.54 4.0 15.98 232 

108Pd 0.380 Stable 8.57 9.22 4.1 15.98 194 

109Pd 0.120 13.701 h 24.20 6.15 3.8 16.01 208 

I 
127I 0.590 Stable 6.15 9.14 5.0 15.03 253 

129I 1.870 1.57 × 107 a 30.29 8.99 5.0 15.56 300 

Ce 

133Cs 14.200 Stable 30.36 9.00 5.0 15.50 314 

134Cs 0.520 2.065 a 140.02 6.99 4.5 15.10 312 

135Cs 13.200 2.30 × 106 a 8.41 8.78 4.5 15.00 316 

136Cs 0.012 13.16 d 13.36 6.83 4.0 15.02 322 

137Cs 13.500 30.08 a 0.27 8.30 3.5 15.00 325 

Table 4. Isotopic compositions of LLFPs assembly and their (n, γ) and (γ, n) parameters calculated 368 

by the TALYS software36,37. 369 

Selection of CsI target. The CsI target was selected for photo-transmutation due to 370 

the following considerations: 129I and 135Cs are problematic radionuclides since they 371 

have high radiotoxicity and long half-lives. The 135Cs strongly need isotopic 372 

separation for neutron-induced transmutation and the 137Cs is practically non-373 

transmutable in any neutron field as aforementioned. Meanwhile, both the iodine and 374 

cesium elements have GDR cross sections as high as 300 mb, which is visibly higher 375 

than other elements (see Table 4) and may result in a significant transmutation. From 376 

the point of view of target fabrication, the two elements have the most stable chemical 377 

form in which three problematic radionuclides can be combined. The coolant 378 



temperature of the lead-based fast reactor ranges from 400 to 600 ℃, which is lower 379 

than the melting point of the CsI target (~ 620 ℃). In the simulations, the isotopic 380 

compositions for CsI target were employed according to SNF of a typical light water 381 

reactor9. These compositions are 127I (11.49%), 129I (38.51%), 133Cs (25.28%), 134Cs 382 

(0.01%), 135Cs (7.92%) and 137Cs (16.80%). 383 

Parameters of ANES. The neutron worth 𝜑  represents the contribution of 384 

photoneutrons to the ANES core relative to fission neutrons23. As discussed above, 𝜑 385 

is an essential parameter for the system design and can be defined as 386 

 𝜑 = 1−1/𝑘eff1−1/𝑘𝑠 , (2) 

where 𝑘eff is the effective multiplication factor without considering the PNS, and 𝑘𝑠 is 387 

the multiplication factor considering PNS38. In our case, 𝑘𝑠indicates the utilization 388 

efficiency of the ANES to the PNS. It is expressed by 389 

 𝑘𝑠 = <𝐹𝛷𝑠><𝐹𝛷𝑠>+<𝑆> = 𝑁−𝑆0𝑁 = 1 − 𝑆0𝑁 , (3) 

where 𝐹  is the creation operator, 𝑆0  is the number of photoneutrons, 𝑁 is the total 390 

number of neutrons from nuclear fission and photonuclear process in the ANES, and 391 𝛷𝑠  is the total neutron flux in the core. The thermal power of the ANES, 𝑃𝑡 , is 392 

dependent on the averaged fission energy 𝐸𝑓 , the LCS beam intensity 𝐼𝛾 , the 393 

production rate of photoneutrons 𝑃𝑛, and the average number of fission neutrons 𝜈. In 394 

our study, it can be given by: 395 

 𝑃𝑡 = 𝐸𝑓 ∙ 𝐼𝛾 ∙ 𝑃𝑛 ∙ 𝑘eff1−𝑘eff ∙ 1𝜈 ∙ 𝜑. (4) 

It suggests that the 𝐼𝛾 required for driving the ANES is inversely proportional to the 𝜑 396 

when keeping 𝑃𝑡 constant. 397 

The 𝜏eff  is defined as the effective half-life of radionuclides considering both 398 

transmutation process and natural decay in the core, which is crucial for evaluating 399 

the transmutation capability. Here 𝜏eff is expressed as 400 

 𝜏eff = 𝑙𝑛2𝜆 + 𝜎𝛷𝑠， (5) 

where 𝜆 and 𝜎 are thenatural decay constant and the effective neutron capture cross 401 

section for transmuted radionuclides, respectively. Eq. (5) can be approximated as 402 𝜏eff ≈ 𝑙𝑛2𝜎Φ𝑠 as the 𝜆 are extremely smaller than the product of 𝜎 and 𝛷𝑠, indicating that 403 

an efficient transmutation can reduce significantly the 𝜏eff. 404 

For a transmutation system, transmutation rate (𝑇𝑅) and support ratio (𝑆𝑅) are 405 

also two important parameters28. Here, 𝑇𝑅 is the ratio of the amount of transmuted 406 

LLFPs to those initially loaded in a transmutation system, and 𝑆𝑅 is the ratio of the 407 

amount of transmuted LLFPs to that of produced ones. The expressions of 𝑇𝑅 and 𝑆𝑅 408 

are 409 

 𝑇𝑅 = 𝑁(0)−𝑁(𝑡)𝑡𝑁(0) , (6) 



 𝑆𝑅 = 𝑁(0)−𝑁(𝑡)𝑌𝑀𝑡 . (7) 

Here 𝑁(0) and 𝑡 are the total initial atomic number of LLFPs and irradiation time, 410 

respectively; 𝑌 and 𝑀are the LLFPs yield per fission of fuel materials and the total 411 

fission rate in the ANES core. When the value of 𝜎𝛷𝑠𝑡 is small enough, the 𝑇𝑅 and 412 𝑆𝑅 can be simplified as 𝜎𝛷𝑠 and 𝑁(0)𝜎𝛷𝑠/𝑌𝑀, respectively. If 𝑆𝑅 > 1.0, those self-413 

produced LLFPs could be transmuted during the operation of the ANES. In our study, 414 

a direct approach to enhancing 𝑆𝑅 is to increase the number of initially loaded LLFPs. 415 

However, the 𝑇𝑅 will be decreased due to the neutron self-shielding effect in the 416 

loaded zone. As a result, it is imperative to balance the 𝑇𝑅 and  𝑆𝑅 for LLFPs of great 417 

interest. 418 
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